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Overview

 Review of Neutrino Oscillations

 The T2K experiment

 Latest results


e
 appearance measurement



 disappearance measurement

What's next for T2K? 

Summary and Conclusion
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Neutrino Mixing

(
νe
νμ
ντ
)=(

U e1 U e2 U e3

U μ 1 U μ 2 U μ 3

U τ 1 U τ 3 U τ 3
)(ν1
ν2
ν3
)

|να >=∑i=1

3
U α i | νi >

Neutrino flavour states are not the same as neutrino
mass states

m
as

s2

Oscillations parametrised by a 
complex 3x3 mixing matrix called
the PMNS matrix.
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Oscillations : Current Status

νμ→ν τ

sin22θ23>0.95(@90 %)

Δm32
2
=(2.35±0.11)×10−3 eV 2

νμ→νe

sin2(2θ13)=0.098±0.013*

Δm32
2 =(2.35±0.11)×10−3 eV 2

νe→ν x

sin2
(θ12)=0.306±0.018

Δm12
2
=(7.59±0.2)×10−5 eV 2

SK, MINOS, T2K,
K2K

SK, SNO, Borexino
IceCube

T2K,MINOS (App)
Daya Bay, RENO
Double CHOOZ (Dis)

* Daya Bay
Other results
from PDG(2012)
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P (νμ→νe)≈sin2
(2θ13)sin2

(θ23)sin2
(1.27Δm13

2 L
E
)

Two flavour oscillations

Appearance Measurement

Mixing angle Mass splitting

Disappearance Measurement

P (νμ→νμ)≈1−sin2
(2θ23)sin2

(1.27Δm23
2 L
E
)

Baseline

+ CPV terms + subleading terms
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Three flavour oscillation
ν

e
 appearance approx.

P (νμ→νe)≈4C13
2 S13

2 S23
2 sin (

Δm31
2 L

4 E
)×(1+ 2a

Δm31
2
(1−2S13

2 ))
+8C13

2 S12 S13 S23(C12C23 cosδ−S12 S13 S23)cos(
Δm32

2 L

4E
)sin (

Δm31
2 L

4 E
)sin (

Δm21
2 L

4 E
)

−8C13
2 S13

2 S23
2 cos(

Δm32
2 L

4 E
)sin (

Δm31
2 L

4E
)
aL
4 E

(1−2S13
2
)

−8C13
2 C12C23 S12S13 S23 sin δsin (

Δm32
2 L

4 E
)sin (

Δm31
2 L

4 E
)sin (

Δm21
2 L

4E
)

+4 S12
2 C13

2 (C12
2 C23

2 +S12
2 S23

2 S13
2 −2C12C 23 S12 S23 S13 cosδ)sin (

Δm21
2 L

4 E
)

CP conserving 
term

Solar term

Matter effect terms

CP sinδ term

Dominant vacuum term

Notes: Cij = cosθij,  Sij = sinθij
    a=2√2GF ne E=7.56×10−5ρ(g /cm3)E (GeV )

J. Arafune, M. Koike and J. Sato, Phys. Rev.D56, 3093 (1997).
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3 flavour oscillation approx. 
w/ matter effects

Plot for:
L = 295 km
ρ = 2.6 g/cm3

Δm
12

 = 7.6x105 eV2

Δm
32

 = 2.4x103 eV2

θ
12

 = 34̊

θ
23

 = 45̊

θ
13

 = 8.8̊

δ = 45̊ 

Typical T2K analysis range

nb. Same colour 
Scheme as
Previous page

delta=45 deg
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Overview of T2K

Measure 
e
 appearance in a 


 beam

Precision measurement  of 

 disappearance



10

Previous T2K Results

2011 νe appearance
Observed 6 events (bg: 1.5 ± 0.3 events)
First indication of non-zero θ 13 at 2.5σ 
significance
Phys. Rev. Lett. 107, 041801 (2011)

2012 νe appearance
Observed 11 events (background: 3.3 ± 0.4 
events)

3.1σ non-zero θ 13

Phys. Rev. D88, 032002 (2013)

2013 νμ disappearance

Phys. Rev. D87, 092003 (2013)

2012 νe 
Appearance

2013 νμ 
Disappearance
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JPARC Beamline

 Located in Tokai-village, 
60km N.E. of KEK

 Completed in 2009
 MR

 1567.5 m circum.
 Tp = 30GeV
 8 bunch (h#=9)
 Rep cycle: 2.48sec (now)

 Design goal
 RCS: 1MW
 MR: 750kW

 MR achieved 220kW stable 
operation for neutrino 
experiment
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JPARC Beamline
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The Beam

 

 from pion decay

 
Off-axis beam

 concentrates flux around
 oscillation maximum

 eliminates high-energy tail
 Ideal for 

e
 appearance

 Wrong sign background and
 beam 

e
 present at a few %



14

Beam Flux Tuning

NA61 (S.d.Luise@ICHEP)

 Flux & Near to far flux extrapolation are governed by 
 parent hadron (p/K..) production (p&q dist.)
 Beam line geometry (controllable)

 Hadron production measurements by NA61/SHINE CERN 
experiment with T2K replica target have been critical
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Data Taking (Run 1-4)

Results possible due to efforts of J-PARC accelerator division + related people.
Running at 220 kW for much of Run 4 (world record protons per pulse)
6.39x1020 POT analyzed through April 12th (6.63x1020 through May)
Previous νe appearance result used 3.01x1020 POT 

 ➜ Factor of 2.1 increase in statistics

Run 1 Run 2

Run 3

1.2 x 1014 protons
per pulse (world record)

Run 4

ν
e
 appearance analisis

ν
μ
 up to end of run 3

(relative to 2012 analysis)



16

Profile center by muon monitor

Beam Stability

Event rate stability at INGRID

Beam direction at INGRID
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Near Detector Suite

INGRID

ND280
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Near Detectors

On-axis detector 280 m from
neutrino production point
16 iron-scintillator tracking
calorimeters in cross profile
1 scintillator-only “proton 
module”
Measures beam profile and
CC inclusive rate

Two fine grained detectors 
(C/H

2
0 target) sandwiched by

Three gas TPCs in 
UA1/NOMAD Magnet (0.2 T) with
Upstream pi0 detector (P0D)

INGRID

ND280
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FGD1 FGD2
TPC1 TPC2 TPC3

The Near Detector

CC Interaction in the Tracker

Tracker

0.2 T
Magnetic

Field

Fine-Grained Detectors
(FGDs)

- Scintillator strips
- Provides neutrino target
- Detailed vertex information

Fine-Grained Detectors
(FGDs)

- Scintillator strips
- Provides neutrino target
- Detailed vertex information

Time Projection Chambers
(TPCs)

- Gas ionization chambers
- Track momentum from curvature
- Particle ID from dE/dx

Time Projection Chambers
(TPCs)

- Gas ionization chambers
- Track momentum from curvature
- Particle ID from dE/dx

Side Muon Range
Detector (SMRD)
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Neutrino Interactions @ 
0.1-2 GeV

Formaggio & Zeller, Rev. Mod. Phys. 84 (2012)

T2KQuasielastic dominated

CCQE

For QE interaction,
with binding
Energy Eb:
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●ND280 Event Categories

• Charged current (CC) with 0π    

• CC 1π+

• CC Other (≥1π- or π0 ,or >1 π+)

– π0 candidates have identified 
electrons in the TPC

• Disappearance analysis joins 
CC 1π+ and CC other together

2
3 
A
u
g
u
s
t 
2
0
1
3

K
. 
M
c
F
a
rl
a
n
d
: 
O
s
c
il
l
a
ti
o
n
s 
@
 
T
2
K

21
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Analysis Improvements:
ND280

Separate the CC sample into three 
subsamples:

CC0π: no pions in the final state
CC1π+: exactly 1 π+ in the final state
CCother: >1 π+ OR >0 π - OR
>0 tagged photons

Higher purities for all 3 samples, relative to 
the 2012 analysis
Much better samples for constraining CCQE 

and CCπ+ cross section parameters

 CC0π
 purities

 CC1π
 purities

 CCother
 purities

CC0π 72.6% 6.4% 5.8%
CC1π 8.6% 49.4% 7.8%

CCother 11.4% 31% 73.8%
Bkg(NC+ν) 2.3% 6.8% 8.7%

Out FGD1 FV 5.1% 6.5% 3.9%

CC0π

CC1π+

CCother
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Near Detector Constraints

The νμ spectrum at the near detector is fit to extract flux and cross section 
constraints at the far detector

Goal: Constrain ν-flux and cross section parameters
(used for T2K far detector MC prediction)

ν-Flux
νμ and νe fluxes are correlated

Can use νμ measurement to
constrain the νe f lux

External constraints from CERN 
experiment NA61

ν-Flux
νμ and νe fluxes are correlated

Can use νμ measurement to
constrain the νe flux

External constraints from CERN 
experiment NA61

Cross Sections

Main CC interactions relevant to T2K 
are CCQE and CCπ+

Need to constrain the 
parameters of these interactions:  

MA
QE,  MA

RES,  etc.
External constraints from MiniBooNE

Cross Sections

Main CC interactions relevant to T2K 
are CCQE and CCπ+

Need to constrain the 
parameters of these interactions: 

MA
QE,  MA

RES,  etc.
External constraints from MiniBooNE

π+ → μ+ νμ

→ e+ νe νμ

νl

n p

l­

W±

νl

N

l­

W±

N
π+



24

2013 Near 
Detector 

Constraint
Significant reduction in the 
far detector event rate errors 
Uncertainties on the cross 
section parameters have been 
reduced 
Uncertainties on the flux 
parameters are also reduced Parameter Runs 1-3 

(2012)
Runs 1-4 

(2013)

M
A

QE 
(GeV/c2)

1.27 ± 0.19 1.22 ± 0.07

M
A

RES 
(GeV/c2)

1.22 ± 0.13 0.96 ± 0.06

CCQE 
Norm.

0.95 ± 0.09 0.96 ± 0.08

CC1π 
Norm.

1.37 ± 0.20 1.22 ± 0.16

Runs 1-
3 (2012)

Runs 1-3 
(2013)

Runs 1-
4 (2013)

sin22θ13=0.1 4.7% 3.5% 3.0%

sin22θ13=0.0 6.1% 5.2% 4.9%

Error on Far Detector ν
e
 Prediction

(After Near Detector Constraint)

Error on Cross Section 
Parameters

(After Near Detector 
Constraint)



25

Near Detector Data
simulation includes constraint from near detector

data/MC agreement is improved by the near 
detector constraint

CC0π CC1π+

CCother

Nominal MC
MC with near detector constraint

Nominal MC
MC with near detector constraint

Nominal MC
MC with near detector constraint
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ND280 Constraint

Fit model to measured 
(p





 distributions for 

CC0π, CC1π+ and CCother 

 Flux and model 
uncertainties varied within 
their errors set  by 
external data

 Correlation matrix from 
near detector constrained 
fit used for fitting far 
detector data.

w/o ND280 constraint

With ND280 constraint

(example from 2012 ν
e
 analysis)
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Parameter Correlations

Correlations before including
Near detector constraints

Correlations after including
Near detector constraints
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Near Detector Beam νe 
Measurement

 For νe appearance, largest background is intrinsic νe contamination 
in the beam
The intrinsic νe rate can be measured in the near detector

γ Background 
Sample

CCQE-like CCnonQE-like

Short-baseline νe’s can also be used to search for sterile 
neutrinos
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T2K Cross Section 
Measurements 

The near detector oscillation analysis can be 
repurposed for cross section measurements

Event selection and detector systematic 
uncertainties are the same

The T2K CC-Inclusive cross section 
measurement has now been published

Uses the same near detector event 
selection as the 2012 oscillation analysis

Phys. Rev. D 87, 092003 (2013)

The CCQE sample from the 2012 oscillation 
analysis has been used to measure σCCQE(Eν)

Additional cross section results are expected 
later this year

T2K CC-Inclusive Cross Section 
Measurement
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Far Detector 
Super-Kamiokande



 or 

e

22.5 kton fiducial water
Cerenkov detector

Look for electron for CC
neutrino interactions

Cerenkov ring pattern can
be used to distinguish 
lepton flavour

Well-understood and 
stable detector
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T2K far detector
 

e
 Signal & Background

e-

p (unobserved)

e-

p (unobserved)

0

Identify 2 e-like rings
Asymmetric decays or
overlapping photons 
are reducible bg.

Signal

Beam 
background

Interaction
background
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The T2K Far Detector

 50 kton water Cherenkov detector

 μ detection

Less scattering  sharp rings⇒

 e detection

More scattering  fuzzy rings⇒

 π0 detection

2 electron rings (π0 2γ)→

To separate from electrons, 
MUST detect 2nd ring 

MC
event

displays
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Analysis Strategy

Maximise a global likelihood with respect to oscillation, beam
and cross section parameters

T2K Beam Constraint

NA61 Hadron production
Constraint

External cross section
data

Near detector constraint

Super-K
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Analysis Strategy : Flux

15%

Full covariance matrix
for ND280 and SK
 Used in flux and cross
section fits. 

PRD 87 (2013) 012001
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Far Detector Oscillation Analysis 
Improvements

The strength of T2K thus far has been relying on well-established 
event reconstruction tools at the far detector

After 15 years of operation, is there still room for improvement?

2012 T2K Signal/background ratio 2.7 (for sin22θ13=0.1)

Significant gains in νe appearance sensitivity from any additional 
background reduction

2012 Total background = 3.22 ± 0.43 events

Beam νe background = 1.56 ± 0.20 events  (irreducible)

Neutral current (mostly π0) = 1.26 ± 0.35 events (reducible?)
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A New Event Reconstruction 
Algorithm for the far detector

 For each far detector neutrino event we have, for every hit PMT
A measured charge

A measured time

 For a given event topology hypothesis, it is possible to produce
a charge and time PDF for each PMT

Main challenge is to predict the number of photons at the PMT
(predicted charge, μ  -- see next slide)

Based on the algorithm used by MiniBooNE (NIM A608, 206 (2009)) 

 Framework can handle any number of reconstructed tracks
Same fit machinery used for all event topologies (e.g. e - and π0)

 Event hypotheses are distinguished by comparing best-fit l ikelihoods
electron vs muon

1-ring vs 2-ring vs 3-ring ...



37

One-Ring-Fit Performance

Significantly better particle ID and momentum reconstruction 
than previous far detector reconstruction 

Good data/MC agreement in Michel electron sample

e
le

c
tro

n

m
u

o
n

Michel Electron Data 
& MCSingle-Particle MC

e
le

ctro
n

 M
o

m
en

tu
m

 R
eso

lu
tio

n
 [%

]

Original reconstruction
new reconstruction

Data
MC

Data
MC
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Enhanced π0 
Rejection

New algorithm can also use the best-
fit l ikelihood ratio to distinguish e- 
from π0

2D cut removes 70% of the 
remaining π 0 background allowed 
by old algorithm for the same signal 
efficiency

Beam νe background does not 
change significantly

Total background is reduced by 27%

Background
νμ-(X+π0)

Signal
νe-CCQE

Likelihood Ratio vs π0 Mass
(T2K Monte Carlo)

cut

cut
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T2K νe Event Selection

νe Selection Cuts

- # veto hits < 16

- Fid. Vol. = 200 cm

- # of rings = 1

- Ring is e-like

- Evisible > 100 MeV

- no Michel electrons

- fiTQun π0 cut

- 0 < Eν < 1250 MeV

e-like μ-like
single ring

multi-ring
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Far Detector νe Vertex 
Distribution

• With increased statistics, the p-values for the test distributions have increased
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
13

 Analysis

Three analyses:
I.  Likelihood fit  of rate 
and (p

e
, 

e
)

II. Likelihood fit of rate 
and reconstructed E



III.
 
Rate only 

“NC 0”  4.64 ± 0.53 background events

20.4 ± 1.8 events expected

For sin22θ13=0.1, sin22θ23=1, δCP=0,
and normal mass hierarchy

5.5σ sensitivity to exclude θ 13 = 0
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
13

  Analysis Results

Assuming δ
CP

=0, normal hierarchy,

|Δm
32

2|=2.4×10-3 eV2, sin22θ
23

=1 

90% allowed region:
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νe Appearance Results
 Observed 28 events  (expected 20.4 ± 1.8 for sin22θ13=0.1)

 Comparing the best p-θ fit likelihood to null hypothesis gives:          
7.5σ significance for non-zero θ 13

First observation (>5σ) of an explicit ν appearance channel

T2K δCP vs sin22θ13 (Normal Hierarchy) T2K δCP vs sin22θ13 (Inverted Hierarchy)

(For sin22θ23=1,  δCP=0,  and normal mass hierarchy)

T2K PreliminaryT2K Preliminary

Note: These are 1D contours for various values of δ
CP

, not 2D contours
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Effect of θ23 Uncertainty
 νe appearance probability also 

depends on the value of θ23

 If θ23 is fixed at values near the edge 
of the current allowed region, the fit 
contours shift

 Future improved measurements of 
θ23 will be important to extract 
information about other oscillation 
parameters (including δCP) in long-
baseline experiments

A T2K combined νe+νμ analysis is 
underway

T2K Preliminary

T2K Preliminary

Note: these are 1D contours for various 
values of δCP, not 2D contours
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

 Selection

 Fully Contained in ID
 One muon-like ring
 p


 > 200 MeV

 # decay electron <= 1

Observed : 58 events      
Expected : 207 event without oscillations 
                     @ 3.01 x 1020 POT
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

 Disappearance

Best fit parameters:

sin2
(2θ23)=1.0

(A1)Δm23
2 =2.45×10−3 eV 2

(A2)Δm23
2
=2.44×10−3 eV 2

Observed : 58 events  
Expected : 207 
events  without 
oscillations 

 @ 3.01 x 1020 POT
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

 Disappearance
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T2K Program

 Precision  measurement of appearance
 Compare with reactor results
 Try to see first hint on CPV and mass hierarchy
 Measurement of m

13

2

 Precision measurement of disappearance
 

23
, m

23

2

 Whether  maximal mixing or not?
 Important for probing CPV

 Sterile neutrino searches
 Pursue possibility of anti-nu measurements
 Various cross section measurements at near 

detector
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Summary

 J-PARC accelerator has achieved stable 220kW running
 for most of run 4
With only 8% of planned POT we have presented : 

Direct evidence for 
e
 appearance 

U
e3

 = 0 rejected at 7.5 (sin22θ
23

=1)

NH: sin22
13

 = 0.150 +0.039

-0.034
  

IH:  sin22
13

 = 0.182 +0.046

-0.040

Complementary to reactor results
Competitive measurement of disappearance 
parameters

Medium/long term run plans under study 
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Backups
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
13

 Results : Reactors

Daya Bay 

Reno

Double CHOOZ


13

 = 0 excluded at > 5 

sin2(2θ13)=0.092±0.016 (stat )±0.005 (sys)

sin2
(2θ13)=0.113±0.013(stat )±0.019(sys)

sin2
(2θ13)=0.086±0.041(stat )±0.030 (sys)
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3 flavour oscillation approx. 
 compared to exact soln

Plot for:
L = 295 km
ρ = 2.6 g/cm3

Δm
12

 = 7.6x105 eV2

Δm
23

 = 2.4x103 eV2

θ
12

 = 34̊

θ
23

 = 45̊

θ
13

 = 8.8̊

δ = 0, 45̊

Some of approximate solutions break down at lower neutrino energy,
But mostly below T2K energy range
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T2K  Event Selection

Time within 500 s of
expected arrival time

Fully Contained (no OD 
signal)

Vertex > 2m from ID wall

KS Prob : 48.9%
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Analysis Strategy

Flux at Near
Detector

Near-2-Far Cross-sections SK Response

SK Prediction
INGRID

NA61
ND280

Monitors

External 
Data

SK Atmospherics
and Calibration

SK Observation

Fit and Results

ND280

T2K Flux Prediction
Phys.Rev.D 87 012001

N SK
pred( pν ,rec )=ΦSK

exp (Eν
true)Posc(E ν

true)σSK ( pν ,rec )ϵSK ( pν , rec) f ( pν ,rec , Eν
true)
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New Far Detector
Reconstruction Algorithm
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Light
Yield

Integral over 
track length

PMT 
solid 
angle

Water 
attenuation

PMT 
angular 

response

Cherenkov light emission profile

PMT solid angle

 μdir is the predicted charge due to “direct light” only
(scattered light is handled separately)

 μ is an integral over the length of the track
(parameterized by the momentum, p)

 Cherenkov light emission is characterized by g(s,cosθ)

These functions must be generated separately for 
each particle type

All particle ID comes from these distributions

 Ω, T, and ε depend on the geometry and detector 
properties

Can be used for all particle hypotheses 

Predicted Charge (μ)
electron

muon
s (cm

)
s (cm

)

cos θ

cos θ

PMT solid angle
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π0 Fitter

 Assumes two electron-like rings produced
at a common vertex

 12 parameters (single track fit had 7)
Vertex (X, Y, Z, T)
Directions (θ1, φ1, θ2, φ2)
Momenta (p1, p2)
Conversion lengths (c1, c2)

 All 12 parameters are varied simultaneously

Vertex
Photon

Conversions

π0
γ

γ
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π0 Fit Performance

 Previous T2K νe appearance cut:
mπ0 < 105 MeV/c2

 The π0 mass tail is much smaller for 
fiTQun

Significant spike at zero mass in 
previous fitting algorithm (APFit)

 Lower plot:
π0 rejection efficiency vs lower photon 
energy

fiTQun is more sensitive to lower 
energy photons

MC
Single-ring

electron
candidates

Passes 
previous 

T2K νe Cut

Single-ring 
electron 

candidates

APFit

APFit

MC
Single-ring

electron
candidates

New algorithm
Old algorithm

New algorithm
Old algorithm
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Off-axis Beams

0 0.5 1 1.5 2 2.5 3 3.5 4
Neutrino energy /GeV

0

N
eu

tr
in

o 
flu

x 
/a

rb
.u

ni
t

T2K 
On-axis
Off-axis 2.0o
Off-axis 2.5o
Off-axis 3.0o

2-Body pion decay kinematics naturally produce a beam 
that is independent of pion momentum off-axis

“Pseudo”-monochromatic
High energy on-axis tail, which is a background generator,
is reduced
More sensitive to beam angle
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Analysis Strategy : Xsec

Cross sections modelled by NEUT or GENIE
External constraints provided by MiniBooNE, NOMAD, SciBooNE

QE1  0 < E < 1.5 GeV Normalisation

QE2  1.5 < E < 3.5 GeV Normalisation

QE3 E < 3.5 GeV Normalisation

CC 1  E < 2.5 GeV Normalisation

CC 1  E > 2.5 GeV Normalisation

NC 0 Normalisation

M
A
(QE) Shape – Axial Mass QE

M
A
(Res) Shape – Axial Mass Res

pF Inital State – Fermi momentum

Eb Initial State – Binding Energy

Spectral Function Initial State 

CC Other

CC Coherent
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ND280 Measurements

  61
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Negative tracks in the TPC. Positive tracks in the TPC.

ND280 TPC Particle ID by 
dE/dx
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 CC0π
 purities

 CC1π
 purities

 CCother
 purities

CC0π 72.6% 6.4% 5.8%

CC1π 8.6% 49.4% 7.8%

CCother 11.4% 31% 73.8%

Bkg(NC+anti-nu) 2.3% 6.8% 8.7%

Out FGD1 FV 5.1% 6.5% 3.9%

CC0π
CC1π

CCother

●Muon Angle in ND280
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B Field distortion (0.3%) TPC Tracking efficiency (0.6%)

TPC-FGD matching efficiency (1%) TPC Charge confusion (2.2%)

TPC Momentum scale (2%) TPC Momentum resolution (5%)

TPC Quality cut (0.7%) Michel electron efficiency(0.7%)

FGD Mass(0.65%) Out of Fiducial Volume (10%)

Pile-up (0.07%) Sand muon (0.02%)

TPC PID (3.5%) FGD PID (0.3%)

FGD tracking efficiency  (1.4%) Pion secondary interaction (8%)

Largest relative error in all momentum bins in all categories

ND280 Detector systematics

CC0π CC1π+

CCother
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B Field distortion (0.3%) TPC Tracking efficiency (0.6%)

TPC-FGD matching efficiency (1%) TPC Charge confusion (2.2%)

TPC Momentum scale (2%) TPC Momentum resolution (5%)

TPC Quality cut (0.7%) Michel electron efficiency(0.7%)

FGD Mass(0.65%) Out of Fiducial Volume (10%)

Pile-up (0.07%) Sand muon (0.02%)

TPC PID (3.5%) FGD PID (0.3%)

FGD tracking efficiency  (1.4%) Pion secondary interaction (8%)

Largest relative error in all momentum bins in all categories

ND280 Detector systematics

CC0π CC1π+

CCother
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FLUX PREDICTION AND 
uncertainties

 



Fraction of the neutrino flux for each parent particle

Fraction for each flavors

Total fraction for all flavors



Flux uncertainty as a function of energy 

uncertainties are evaluated based on NA61 measurements and 
T2K beam monitor measurements

ND280  e fluxνND280  μ fluxν

SK  μ fluxν SK  e fluxν

10~15% error



Flux uncertainty as a function of energy 

uncertainties are evaluated based on NA61 measurements and 
T2K beam monitor measurements

ND280  e fluxνND280  μ fluxν

SK  μ fluxν SK  e fluxν



energy dependent errors w/ full correlations among  types and between ν
detectors(ND280, SK) are taken into account
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ND280 Constraint Fits
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ND280 Systematic Errors
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ND CC0π Prediction and Data 
after ND280 Constraint

  



74

ND CC0π Prediction and Data 
after ND280 Constraint
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Flux after ND280 Constraint

 

Far detector νμ and νe flux predictions are constrained by 
the fit, as illustrated by the central values and error bands 
for normalization vs. neutrino energy, before and after 
ND280 constraint.
(Central values are changed from 2012 results: due to finer bins and new ND280 
selection)
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Cross-Section Parameters 
after ND280 Constraint

  

Parameter Prior to ND280 
Constraint

After ND280 
Constraint
(Runs 1-4)

After ND280 Constraint 
(2012 analysis, Runs 1-3)

MAQE (GeV) 1.21 ± 0.45 1.223 ± 0.072 1.269 ± 0.194

MARES (GeV) 1.41 ± 0.22 0.963 ± 0.063 1.223 ± 0.127

CCQE Norm.* 1.00 ± 0.11 0.961 ± 0.076 0.951 ± 0.086

CC1π Norm.** 1.15 ± 0.32 1.22 ± 0.16 1.37 ± 0.20

NC1π0 Norm. 0.96 ± 0.33 1.10 ± 0.25 1.15 ± 0.27

*For Eν<1.5 GeV      **For Eν<2.5 GeV

Significant changes to MARES and CC1π normalization 
parameters and reduction in uncertainties since 2012 
analysis due to finer bins and new selection that explicitly 
identified CC1π+ events.
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ND280 Fit Δχ2

b = flux nuisance parameters
x = cross section nuisance parameters
d = detector/reconstruction model nuisance parameters
Vb,Vx,Vd = covariance matrices (pre-fit uncertainties)

Pre-calculated weight function for cross 
section parameters with non-linear 
response



78

78 6

Results from Fit to ND280 Data
Selection Number of Events 

(Data)
Number of Events (MC before 
ND280 constraint)

Number of Events (MC after 
ND280 constraint)

CC0π 16912 20016 16803

CC1π 3936 5059 3970

CC Other 4062 4602 4006

CC Inclusive 24910 29678 24779

Δχ2min=580.7 from fit 
to data

Test the data and constrained MC agreement with 
toy experiments:

Generated variations of models within prior 
uncertainties

Fit toy data in same manner as data

Record Δχ2 at minimum for each toy fit

Δχ2min=580.7 for data has p-value of 0.57
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Parameter Correlations

Parameters:

0-10: SK νμ flux

11-12: SK νμ flux

13-19: SK νe flux

20-21: SK νe flux

22: MAQE

23: MARES

24: CCQE Norm.

25: CC1π Norm.

26: NC1π0 Norm.

The constraint from the measured event rates 
causes anti-correlations between flux and cross 
section nuisance parameters
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SK Uncertainty Reduction

ND280 Analysis ND280 Data SK Selection sin22θ
13

=0.1 sin22θ
13

=0.0

No Constraint -- Old 22.6% 18.3%

No Constraint -- New 26.9% 22.2%

2012 method* Runs 1-2 Old 5.7% 8.7%

2012 method** Runs 1-3 Old 5.0% 8.5%

2012 method Runs 1-3 New 4.9% 6.5%

2012 method*** Runs 1-3 New 4.7% 6.1%

2013 method Runs 1-3 New 3.5% 5.2%

2013 method Runs 1-4 New 3.0% 4.9%

*Results presented at Neutrino 2012 conference
**Published results, arXiv:1304.0841v2
***Update to NEUT tuning with MiniBooNE data

Factor 2.4 more ND280 
POT

Improved SK π0 
rejection

New ND280 
reconstruction, 
selection, binning

Factor 2.2 more 
ND280 POT

Reduction of uncertainty on the SK prediction from constrained flux and cross section nuisance parameters is 
due to increased statistics and improved SK and ND280 analysis techniques 
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Super-K Detector Systematic 
Uncertainties

  81
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Muon Neutrino 
Dis-Appearance analysis

  91



92



 Selection

sin22
23

 = 1.0        m
23

2 = 2.4 x 10-3 eV2
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νµ disappearance results using 3.01×1021 POT

Pulls of 48 systematic errors @ best fit points

1st octant 2nd octant

pull =
fbest fit − fnominal

σ best fit
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Electron Neutrino 
Appearance analysis

  95
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Expected # 
e
 @ T2K

sin22
13

 = 0.0 sin22
13

 = 0.1


e
 signal 0.18 7.79


e
 background 1.67 1.56



 background 1.21 1.21



 background 0.07 0.07


e
 background 0.09 0.09

TOTAL 3.22 10.71 

 Systematic Errors sin22
13

 = 0.0 sin22
13

 = 0.1

T2K Constrained Flux+Xsec 8.7% 5.7%

Xsec (External) 5.9% 7.5%

SK + FSI 7.7% 3.9%

TOTAL 13.4% 10.3%

for 3.01 x1020 POT
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● 2D Contour of 
δCP vs. sin22θ13 
with reactor result

In these plots, the contours are calculated in 
2D space.

Pink band represents PDG2012 reactor 
average value of sin22θ13. (0.098±0.013) 
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Systematic errors for Nexp

Blue is 2012 result.  All are quoted as % error.
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Changes from 2012 Analysis

   - 2012 analysis (Run1+2+3): 3.010×1020 POT, Nevents = 11

   - 2013 analysis (Run1+2+3+4(~Apr 12)): 6.393×1020 POT, Nevents = 11+17 = 28

•More than double statistics!

•The background rejection cut is improved by using a new SK 
reconstruction algorithm. BG events reduced from 6.4 to 4.6!

•Near detector measurement is improved by having new event 
categories which can further constraint the neutrino beam flux 
and cross section systematic errors.

(partial data set until Apr 12)



100

 

● Current and Previous 
Results

Normal hierarchy Inverted hierarchy

68% C.L.
90% C.L.

•Run 4 best fit value is higher than the others.
•Run1-3 (2012) looks different from Run1-3, because:

-Npred decreased by using new Super-K reconstruction, while Nobs did not change.
-Npred decreased with Run 1-4 near detector fit.

 



101

Sensitivity checks
We fit the toy MC experiments (true sin22θ13=0.1) to check the sensitivity.
The averaged lnL curves ↓ are generated by averaging 4000 toy experiments.

Norm only & Norm + Shape w/ ND280 fit & w/o ND280 fit

Effect of using shape information 
is not significant but important.

ND280 fit makes relatively large 
improvement.

Significance(√ΔlnL@θ13=0):
     Norm+Shape: 5.5σ
     Norm only: 5.1σ

Significance(√ΔlnL@θ13=0):
     w/ ND280 fit: 5.5σ
     w/o ND280 fit: 4.7σ
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Likelihood curves for Run1-4 data fit

p-θ

Erec

Normal hierarchy Inverted hierarchy

Inverted hierarchyNormal hierarchy

(summary table will be shown later.)
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Best fit distributions 
(Run1-4, normal hierarchy)

p-θ angle

momentum Erec
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Best fit distributions 
(Run1-4, inverted hierarchy)

p-θ angle

momentum
Erec
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Fit summary table

Run1-4 (p-θ) 
Run1-4 
(Erec)

Run4 only 
Run1-3 
(2013 

analysis)

Run1-3 
(2012 

analysis)

POT 6.39e20 6.39e20 3.38e20 3.01e20 3.01e20

Observed 
number of 
events

28 28 17 11 11

Normal 
hierarchy

Best fit
90% C.L.
68% C.L.

0.150
0.097 - 0.218
0.116 - 0.189

0.152
0.099 - 0.222
0.118 - 0.193

0.180
0.105 - 0.280
0.131 - 0.237

0.112
0.050 - 0.204
0.072 - 0.164

0.088
0.030 - 0.175
0.049 - 0.137

Inverted 
hierarchy

Best fit
90% C.L.
68% C.L.

0.182
0.119 - 0.261
0.142 - 0.228

0.184
0.120 - 0.264
0.143 - 0.230

0.216
0.129 - 0.332
0.160 - 0.283

0.136
0.062 - 0.244
0.088 - 0.198

0.108
0.038 - 0.212
0.062 - 0.167
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Oscillation analysis method 2
Method 2: Rate + reconstructed Eν shape (1D)

Fit data to the reconstructed 
energy distribution

Fit result

assuming 
|Δm2

32
|=2.4×10-3 eV2

δCP=0, sin22θ
23

=1,

Normal hierarchy

best fit w/ 68% C.L. error:
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Oscillation analysis method 2 
Method 2: Rate + reconstructed Eν shape (1D)

assuming 
|Δm2

32
|=2.4×10-3 eV2

δCP=0, sin22θ
23

=1,

Normal hierarchy

Allowed region of sin22θ
13

 for each value of δCP

best fit w/ 68% C.L. error @ δCP=0

 

normal 
hierarchy:

 

inverted 
hierarchy:
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J-PARC Accelerator Upgrades

 

Slides from Koseki-san 
at “Snowmass” April meeting
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JPARC Power Upgrade
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T. Koseki, Snowmass Workshop on Frontier Capability, April 2013



111

  
T. Koseki, Snowmass Workshop on Frontier Capability, April 2013
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FUTURE SENSITIVITY

  112
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